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Roure 1 A typical trace showing measurement of pH in vascu- 

PSS as a^n D «° "' . duced by exposure to and removal of 

sodium to the acidotic tissue was monitored. WWMW 
wfs measured by pulsing iow oonc«rtn*o^ 
of NH<Q as indicated by arrows Actual PH values wewr 
mined by thenjgericin-clamptechn.queatthe end of each 

experiment. 

intact mesenteric arteries from streptozotocin-induced dia- 
betic rats. Specifically, the study tests the hypothesis that 
hyperglycemia and its in vivo metabolic consequences acti- 
vate NHE in a vascular bed that we have previously shown to 
exhibit hypertrophy." We have also used the NHE inhibitor 
cariporide" to determine whether inhibiting the vascu ar 
NHE can prevent or reduce the extent of the vascular 
hypertrophy occurring in this model of diabetes. 

Materials and Methods 
Experimental Solutions 

Experiments were conducted in a physiological salts soluhon(PSS)ftat 
w^ticarbonate free. Sodium replacement was wrfh equmotote^m- 
ethylammonium chloride. pH, calibrations were by nigencin clamp wth 
PSS containing nigericin (5 ftgtoiL) and 140 mmol/L KCI. 

Generation of Diabetic Rats 

Male Sprague-Dawley rats (Biological Research Unit, Baker Medi- 
cal Research Institute, Prahran, Victoria, Australia) were used m this 
srndy Ten-week-old rats weighing 250 to 300 g were random** 
uTcontrol (nondiabetic) or diabetic groups. 
diabetic by a single injection of streptozotocin (45 mg/kg body 
weight IV). 

Mesenteric Vessel Isolation, Analysis, Mounting, 
and Tension Normalization 

Mesenteric arterioles were processed and weighed as ^ 
described." For studies of NHE by measurement of pH,, 6 to 9 
Ss were used in each group, with 1 or 2 vesse segmentefrom 
each rat All vessels were passed mrough an identical w°rk pmgram, 
mounted in the myograph, and then studied at equivalent tensions. 
" were set to In interna, circumference at which toeywer^ 
held under tension. The resting tension-internal c.rcumference 
relation was then determined using a computer program (U.A. 
McPherson, NORMALIZE, 1985 version). 

Determination of NHE Activity 

To evaluate NHE activity in mesenteric arterioles, the pH, rate ot 
recovery from an induced acidification, cellular buffer capacity of 
"enteric arterioles, and me calibration of die fluorescence to 
pH values were determined. 
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Raure 2. Effect of streptozotocin-induced diabetes on the basal 
pffi I mXal rates of NHE activity in rat mesentenc artenes. 
Mesenteric arteries were obtained from adult rats 1 and 3 
23^2U^ of vehicle ^^bSSfS^ 
were mounted in a myograph and loaded with BCECP-am in a 
S^rta^w PSS. Vessels Were taken through a contraction 
SS which basal pH was determined, ^nments 
concluded with calibration of fluorescence and pH by ttie 
nlgericin-clamp technique. Top, Basal pH, values Bottom. Maxj- 

NHE activities determined from maximum rate o _pH jrecov- 
erv after acid loading and mean buffering capacity (25.8 mmol/L 

Each resutt derives from 7 or more determinations m .nde- 
pendent vessels. *P<0.05 vs control. 

Measurement ofpH, „ 
pHi was determined by monitoring the fluorescence of toe pH- 
sliove dye BCECF. For these me^urements, the ^({""J 
in myograph) was incubated for 0.5 hours m BCECF-AM (10 
fimoVL) in HEPES PSS. 

Determination of Recovery Rale After Vessel Acidification 

£3E2S3L was achieved using the NH.C1 "prepuce" 
technique The Na*-dependent recovery in the absence of b.carbon- 
^ previously been characterized in vascular sm^th musde to 
he due solely to NHE." Actual NHE acOvity is the true proton 
Strtmn mi and was calculated as the product of the rates of 
£5 " PH-d ^sue buffer capacity Oi). Therefore, the > = c 
bufferina capacity (fli) of the tissues was measured usmg the method 
KS P BoI- as shown in Figure 1 and calculated usmg die 
equation Bi^rNH/VApH,. 20 

Data Analysis 

Recorded fluorescence ratio values were converted into pH, values 
using the calibration curve obtained for each experiment The rate of 
cLnge of pH, after an acid load ( ApWsecond) was calcula tod by 
using Acq£>owledge software (Waveform Data Analysis for Wm- 
dowi), version 2.02. by Biopac Systems, Inc. Usmg this ; program, 
rates of change along the recovery curve could be obtem^at 
specified levels of pH, The transport rates at each leve of pH were 
S uring a Hill plot in which log (WK..- V) is plotted against 
K for this calculation was defined operationally as the 
mLumahamU rate observed after the readmission of Na* to 
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Maximum acidification (pHj) 
K„*<pH0 

1U. PH units/min 

intrinsic butter capacity 00, mmol/L H + 

Hill coefficient 

" •Logistic sigmoid function {minimum + [maximum -minimum]/1 +exp[-ir(x-x50)]}. 

|P<0.05. 



■a tissues This was the rate observed for the pH interval of 

f i ^8 Mta to analysis, data from 6 to 9 experiments were 
-6-Wto6.86.Forihis sanaiys ^ calculated for each 

0i at pH o.b ' ro J=" + ffl te (AH+ concentration/mm), 
significant. 

Competitive Reverse Transcriptese-Polymerase 
Chain Reaction (RT-PCR) for Est.mat.on of 

^l^RT^R^td to determine an accurate .eve, of 

^?nrv t T2730 T244 bp]). To determine the concentration 
£K2£23« specific NHE-1 competitor (as 
of mRNA, increasm^ to &e reaction 

above but minus 2644 to 2676 »[Z12 ^^l rc _ A . ^ent 
f5 to 1000 ft), and the concentration of NHE-1 mKiSA is equi 
^t^ncentration of competitor required to give the same 
intensity of radioactivity incorporation. 

Administration of Cariporide and Quantification 
of Mesenteric Histqmorphology 

rats, as iuiw administered canponde (100 

SrtB by the same route of administration. The study was 
™ti C&c Emics Committee of the Austin and Repatriation 
SES£ pTaLssment of mesenteric structure die vessds 
were remoTeX fixed in ,6% formalin, and embedded m paraffin 
5*35 procedures, and ^ —^ayer of ve.se and 

3^=oH ex^ar ,Ux 

S wimto the vessel wall was performed on tnchrome-sttuned 

S(Masson)usmgacomputer^ 

and was related as a ratio of a proporttonal area to the total area 

media or adventitial 1 - 0 

SSSSf was purchased from Molecular Probe,. HEPES and 
ngSnwere purchased from Sigma Ogri^ng* 
(A-isopmpyl-S-mefoylsmfonyl-bei^ylg^ 
HOE 642) was kindly provided as a gift by Aventts. 



An expanded Materials and Methods section can be found in an 
onltoe ^supplement available at http://www.crcresaha.org. 

Results 

Vascular Hypertrophy After 

streptozotocin-treated rats was determined to confirm our 
earlier finding illustrating the occurrence and temporal as- 
pects of the development of vasculature hypertrophy in this 
model." Control animals showed a small increase m vessel 
weight over the 2-week period, consistent with grow* of Ae 
animals. Compared with their ^e-matched controls^ere 
was no increase in mesenteric weight 1 week after strepto- 
zotocin treatment, but 3 weeks after treatment i ^ w * J 
56 0% (7><0.001) increase in mesenteric weight, with final 
avenge weights being 35.7*1 J mg(n=6) and 55.7+1.6 mg 
(n=7) in the control and streptozotocin-treated groups, 
respectively. 
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Figure 4. Determination of NHE-1 mRNA in mes enteric arte- 
rioles. Total RNA was isolated from. m^^SS^^ • 
control or 3-week streptozotoan treated rate and mRNA 
determined by RT-PCR as described in Matenals and Methods. 
Ton ^T-PCR for NHE-1 from a control animal with increasing 
SSs«f eSmimor (0. 10. 50 70, 100. 500.700 
iSSo, and SbOOfg). In the photograph, the upper (larger molecu- 
lar weiaht) band is the NHE-1 and the lower the competitor 
KfpwEd results for analysis of vessels from 5 control 
and 4 diabetic animals. *P<0.05. 



Effect of Experimental Diabetes on NHE Activity 

The parameters necessary to fully characterize the properties 
of NHE activity in a preparation are resting or basal pHi, 
maximal rate of recovery from a maximally induced acidosis, 
and sensitivity of the transporter to intracellular protons. We 
systematically assessed each of the properties in the rat 
mesenteric arteries. 

Measurements of Basal pH, in Mesenteric Arteries 

In mounted vessels prepared by exposure to a work protocol 
that normalized the preparations, we evaluated resting pH, 
and NHE activity in mesenteric arteries at 1 and 3 weeks after 
the induction of diabetes. The resting pHi in control mesen- 
teric arteries measured in bicarbonate-free HEPES-PSS solu- 
tion averaged 7.12±0.005. The resting pH of vessels from 
rats with diabetes established for both 1 and 3 weeks was 



significantly increased to 7.15±0.003 and 7.14±0.006, re- 
spectively (P<0.05) (Figure 2). 

Measurements of Maximal NHE Activity in 
Mesenteric Arteries 

NHE activity was assessed from the rate of recovery ot pH, 
after the reintroduction of extracellular sodium to a vessel 
acidified by the ammonium chloride withdrawal technique 
conducted in sodium-free solution. An example of a typical 
experimental trace is shown in Figure 1. There was no 
significant difference (P>0.05) in the level of acidification 
on NH4CI washout, which averaged 6.80±0.004 across all 
experimental groups (Table 1). The maximal rate of recovery 
fy\ averaged 0.198±0.007 pH units/min in control mesen- 
teric arteries (Table 1). The maximal rates of recovery were 
significantly increased (?<0.05) after 1 and 3 weeks of 
diabetes, averaging 0.246±0.006 and 0.238±0.007 pH units/ 
min, respectively (Table 1). 

The intrinsic buffer capacity (0i) at pH 6.8 in mesenteric 
arteries from control and diabetic rats averaged 24.83±2.34 
mmol/L H + in controls and 26.75 ±2.50 mmol/L H + and 
26 67±195 mmol/L H + in 1-week and 3-week diabetic 
vessels, respectively (Table 1). As there was no significant 
difference among these estimates of pi, data from control and 
diabetic mesenteric arteries were combined, and the overall 
mean value for /3i (25.8 mmol/L H + ) was used to calculate the 
effective H + efflux rates (H + efflux=ApH i /minXpi), which is 
the best estimate of NHE activity. The resultant estimates for 
H + efflux rates were 5.11 ±0.18 mmol/L H + per minute in 
controls and 6.35±0.16 and 6.14±0.18 mmol/L H* per 
minute in 1-week and 3-week diabetic vessels, respectively 
(Figure 3). Proton efflux rates of both 1-week and 3-week 
diabetic vessels were significantly higher than those of 
control vessels. 

Dependence of Na + -H + Activity on pH, in 
Mesenteric Arteries 

To estimate die affinity of the NHE for intracellular H , NHE 
activity (measured as the rate of recovery of pH, after acid 
loading) was calculated at specific levels of pH, The relabonship 
between NHE activity and pH, was determined by obtaining die 
"instantaneous" slope of the recovery line at pH, intervals of 0.05 
pH units, from pH 6.85 to 7.0, and for 7.05 and 7.10 (18 points 
in all, for each experiment). The rate of change of pH, was men 



TABLE 2. Metabolic and Physiological Characteristics of Control and Diabetic Rats 
Administered Cariporide 



Treatment 



Control 

Control+cariporide 
Diabetic 

Diabetic* cariporide 



n 


Body 
Weight, g 


Mesenteric 
Weight, g 


Heart 
Weight g 


8 


340±7 


0.1 49 ±0.008 


1.48±0.05 


8 


320 ±5 


0.133±0.005 


1.52±0.13 


7 


227±9* 


0.235±0.019* 


1.10±0.08* 


10 


227*8* 


0.177±0.008t 


1.22±0.04* 



Blood Glucose, 
mmol/L 



Blood Pressure, 
mm Hg 



6.5±0.2 
7.0±0.3 
21.5*0.8* 
23.5±1.0* 



121±13 
130±13 
131 ±7 
123±3 



weeks and the parameters shown below determined. Data are mean±SEM. 
*P<0.01 vs control. 
tP<0.05 vs diabetic. 
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Figure 5. Inhibition of NaVH + exchange with cariporide prer 
vents the development of mesenteric vascular hypertrophy in 
diabetic rats. Diabetes was induced by treatment with strepto- 
zotocin. Animals were given cariporide by gastric gavage 3 
times daily for 3 weeks, and the mesenteric weights (top), medi- 
a:lumen ratios (middle), and proportional area of matrix (defined 
as ratio of positively staining area to total area of media or 
adventitia [bottom]) were determined. There were 6 to 10 rats in 
each group. Values that are significantly different (*P<0.01) are 
indicated with * (control vs diabetes) and # (diabetes vs diabe- 
tes and cariporide). 

plotted as a function of pHj (Figure 5) and fitted to a logistic 
sigmoidal function { minimum + [maximum - minimum]/ 
l+exp[-A*(x-;c50)]}. The dependence of NHE activity on 
intracellular H + was steep and sigmoidal. There was no signif- 
icant difference in the values for mesenteric arteries from 
control or diabetic animals (Table 1), nor was there any 
significant change in the proton modifier site as indicated by the 
Hill coefficient (Table 1). 

Determination of the Biochemical Mechanism of 
NHE Activation 

Studies using cultured VSMCs demonstrated that the activa- 
tion of NHE by treatment with high-glucose media for 24 
hours was associated with increased mRNA for NHE- 1. 16 



Because the levels of NHE- 1 gene expression are generally 
quite low, we developed a competitive RT-PCR assay to 
determine the levels in the rat mesenteric arterioles. We 
determined NHE-1 mRNA in vessels from control and 
diabetic animals. NHE-1 mRNA per microgram total mRNA 
averaged 55.8 ±6.4 fg (n=5) and was increased by 63.6% to 
91.3±12.3 fg (n=4) (/ > <0.05) at 3 weeks after the induction 
of diabetes with streptozotocin (Figure 4). 



Prevention of Mesenteric Hypertrophy by the 
NHE Inhibitor Cariporide 

We assessed biochemical and physiological parameters as 
well as total mesenteric weight at 3 weeks, and these data are 
summarized in Table 2. Body weight in diabetic animals was 
reduced, but cariporide had no significant effect on body 
weight Diabetes was associated with an increase in blood 
glucose that was not influenced by cariporide treatment. 
There was no significant difference in the systolic blood 
_pressure between control and diabetic animals, and this also 
was not influenced by cariporide treatment Cariporide sig- 
nificantly (P<0.01) attenuated the increase in mesenteric 
weight in diabetic animals (Figure 5 A). Mesenteric media/ 
lumen ratio was increased in diabetes and was significantly 
reduced (P<0.0001) by treatment with cariporide to levels 
approaching those in control rats (Figure 5B). Cariporide 
treatment did not affect these parameters in control rats. 

ECM accumulation, as assessed by trichrome staining, was 
increased in both the medial and adventitial layers of mesen- 
teric vessels of diabetic rats (Figure 5C). Cariporide treatment 
was associated with less ECM accumulation than in the 
untreated diabetic rats in both vessel layers, and cariporide 
treatment did not alter the amount of ECM in control rats 
(Figure 5C). Representative sections of trichrome-stained 
mesenteric arterioles from each of the 4 experimental groups 
are shown in Figure 6. 



Discussion 

The streptozotocin-induced diabetic rat is a model of mesen- 
teric vascular hypertrophy without physical damage to the 
vessels; at a cellular level, the hypertrophy is due to both 
increased smooth muscle cell mass and ECM. We have used 
this model to demonstrate that the development of the 
vascular hypertrophy is preceded by activation of NHE in the 
vascular smooth muscle and that the administration of an 
inhibitor of NHE activity, cariporide, prevents the develop- 
ment of the hypertrophy. It is important to appreciate that the 
vascular changes observed in this model do not represent 
atherosclerosis but may be important as early manifestations 
of diabetes-associated vascular disease. 

In this study, as a prelude to the investigation of NHE 
activity in the hypertrophying vessels, we confirmed the time 
course of the development of mesenteric hypertrophy after 
streptozotocin administration to adult rats. We observed no 
increase in mesenteric weight by i week but a 56% increase 
at 3 weeks after treatment. 

Previous studies investigating NHE activity in diabetes 
have used either blood-bome cells 5 or cultured VSMCs 
exposed to high glucose. 16 We used isolated, intact blood 
vessels mounted under tension to study NHE activity after the 
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Figure 6. Examination of ECM deposition 
in diabetic vessels. Adult rats with or with- 
out streptozotocin-induced diabetes for 3 
weeks were treated with vehicle or the 
NHE inhibitor cariporide (100 mg/kg, 3 
times daily by gavage), and vessels were 
subjected to trichrome staining as detailed 
in Materials and Methods. Representative 
mesenteric arterioles from rats in control 
(A), control plus cariporide (B), diabetic (C), 
and diabetic plus cariporide (D) groups are 
shown. 



vessels have been exposed to the full diabetic milieu. Our 
data show that manipulation of the metabolic environment in 
intact animals can alter NHE activity in blood vessels. The 
mean resting pHj of mesenteric arteries from diabetic rats was 
significantly higher than for control rats, as was the rate of 
recovery from acid loading (K^J (see Table 1). This increase 
in apparent K TOJt could not be explained by an alteration in 
intrinsic cellular buffering, because this parameter was the 
same in control and diabetic vessels, indicating that the 
increased V mx reflects increased activity or increased abun- 
dance of the glycoprotein transporter. Furthermore, we dem- 
onstrated that the expression of NHE- 1 mRNA was increased 
by >60% at 3 weeks after treatment with streptozotocin. 

The maximum acidification achievable in the mesenteric 
arteries (see Table 1) was considerably less than that in 
studies of cultured cells 6 * 19 but was consistent with previous 
reports from studies in blood vessels. 2 *- 25 The level of 
acidification was sufficient to cause maximum activation of 
the pH recovery process (see Figure 3, which shows a 
distinctive sigmoidal shape with a plateau at maximal recov- 
ery). Hence, and importantly, our methodology ensured that 
the measurement represents maximal NHE activity for all 
groups of vessels studied. 

It has previously been shown that hypertrophy observed in 
vessels from diabetic rats arises from an increase in the 
medial cross-sectional area. 26 The possible mechanisms for 
this increase of the cross-sectional area (vascular hypertro- 
phy) are VSMC hypertrophy, cellular hyperplasia, and in- 
creased ECM. Previously it has been shown that there is no 
change in the size of the smooth muscle cells when digested 
from the diabetic mesenteric vessels. 26 Previous studies have 
suggested not only an increase in ECM in diabetic vessels 21 
but also a change in the type of fibrillar collagens that are 
accumulating in the medial layer of the mesenteric vessels 
from diabetic rats. The present study confirms this increase in 
ECM accumulation in the diabetic vessels and notes that this 
is observed in both the medial and adventitial layers. 



Our data are consistent with a number of in vitro studies, 
which also show an association between growth and in- 
creased NHE activity in diabetes. For example, diabetes is 
characterized by renal hypertrophy, and concomitant with this 
growth response is an elevation of NHE activity in the 
luminal membrane of the proximal tubule. 27 Significantly, 
NHE activity was elevated in the mesenteric arteries of 
diabetic rats within 1 week of onset of diabetes, before 
vascular hypertrophy is apparent 17 This implies that this 
change in NHE activity is not a manifestation of the trophic 
response in diabetes, but it may be an important pathogenic 
mechanism in this response. 

To discern the underlying basis for the increased transport 
activity found in the mesenteric arteries of diabetic rats, we 
examined the kinetic characteristics of NHE. Altered NHE 
activity in the mesenteric arteries may result from a change in 
either the apparent K^, ^ or in the Hill coefficient, the 
latter reflecting an alteration in the properties of the proton 
modifier site. In the present experiments, kinetic analyses of 
NHE in mesenteric arteries revealed an enhanced maximal 
velocity (K^J of this exchanger with no change either in the 
apparent affinity (XJ for H + or in the activation of the H + 
modifier site (Hill coefficient). This pattern of NHE activa- 
tion suggests that diabetes induces increased expression of 
NHE and is consistent with in vitro studies of diabetic tissues, 
which found an increase in NHE V m but no change in A^. 5 * 28 
Accordingly, we were able to confirm activation of NHE- 1 
synthesis by demonstrating a substantial (>60%) increase in 
the expression of NHE-1 mRNA in mesenteric vessels of 
diabetic rats. 

The entire circulation in our animals was, of course, 
exposed to the hyperglycemic stimulus for prolonged periods. 
The fact that activation of NHE activity was found in 
mesenteric arteries of diabetic rats may suggest that hyper- 
glycemia alone is sufficient to activate the antiporter in vivo, 
but this may not mean that the response is direct Vascular- 
derived growth factors both activate NHE 8 and increase the 
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steady-state levels of NHE-1 mRNA. 29 Transforming growth 
factor-/3, gene expression is elevated in the mesenteric 
arteries of diabetic rats within 1 week, 30 which also corre- 
sponds to the rise in NHE activity found in this study and to 
the rise in specific activity of PKC and diacylglycerol levels 
in diabetic tissues. 30 Hyperglycemia also activates expression 
of vascular endothelial growth factor in VSMCs, 31 so it is 
possible that other growth factors may be responsive to the 
glycemic environment Rises in both growth factor expres- 
sion and NHE activity occur before any significant vascular 
growth and may represent an early response to diabetes, 
which then leads to vascular remodeling. Our results showing 
significant elevation in NHE-1 gene expression in the dia- 
betic model are consistent with the results of Rao et al, 29 who 
demonstrated induction by growth factors, and Williams and 
Howard, 16 who demonstrated induction due to high glucose in 
cultured VSMCs. 

As a cell membrane system, the NHE is subject to 
pharmacological inhibition. Inhibitors interact with the sub- 
strate (sodium) binding site on the exchanger to inhibit 
activity independent of any operating mechanisms of activa- 
tion. Amiloride derivatives have been shown to inhibit 
VSMC proliferation under physiological conditions in vitro, 
and 2 distinct classes of the NHE inhibitors have been shown 
to inhibit the development of vascular wall thickening in the 
rat carotid artery injury model. We chose cariporide to 
investigate the potential role of NHE inhibition in preventing 
the development of the mesenteric hypertrophy. Hypertrophy 
was assessed grossly, as the total weight of the mesentery, 
and the contribution of medial thickening was also quantified. 
The data confirmed our earlier finding of increased weight 
and media after streptozotocin administration and clearly 
showed that inhibition of NHE with cariporide inhibited the 
development of the vascular hypertrophy. Furthermore, the 
data indicate that cariporide did not mediate its antitrophic 
action via effects on metabolic pathways such as glucose or 
via hemodynamic pathways such as blood pressure, 2 major 
pathways in the pathogenesis of diabetic vascular disease. l7 - 32 

Hyperactivity of the Na + -H + antiport has been implicated 
in the pathogenesis of vascular disease in both hypertension 
and diabetes. 5 " 7 Studies in vitro show that high glucose 
induces both increased VSMC proliferation 13 - 15 and, in the 
presence of serum, activation of NHE-1 . 16 The present in vivo 
study shows that an early and sustained NHE activation is 
observed in the mesenteric vasculature. We have further 
shown that administration of the NHE inhibitor during the 
onset and early phase of the development of hyperglycemia 
prevents the development of the vascular hypertrophy with- 
out influencing glycemic control. These results clearly show 
that inhibition of NHE is potentially a target for therapeutic 
intervention in the rapid development of vascular disease in 
diabetes. 

The reduction in vascular hypertrophy observed with 
cariporide may be due to a reduction in proliferation, cell 
hypertrophy, or a reduction in ECM accumulation. Al- 
though not all mechanisms were extensively explored in 
this study, as previously reported a major explanation for 
the increase in vascular weight and wall/lumen ratio in 
diabetes relates to ECM accumulation. The link between 



NHE and ECM accumulation has not been previously 
investigated in detail. Indeed, NHE activity has been 
closely linked to cell proliferation, a phenomenon that, 
although present in this model, appears to be transient and 
primarily occurs in the endothelial and adventitial layers 
rather than the smooth muscle cell layer. The lack of the 
effect of cariporide in control rats suggests that blockade 
of NHE mediates an effect specific for diabetes. It remains 
to be determined how NHE activation is linked to matrix 
deposition, and this warrants further exploration. This 
would allow us to investigate how NHE-1 inhibition may 
lead to reduced matrix deposition in diabetes. 
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